Obesity is one of the fastest growing major diseases in developed and developing countries [1] . Modifying fat balance is a key to therapy for obesity [2] . Triglyceride is an important carrier of blood lipid and lipoprotein lipase (LPL) strongly controls triglyceride metabolism. Lipoprotein lipase is an enzyme that hydrolyses triglycerides of triglyceride-rich lipoproteins into non-esterified fatty acids (NEFA) and glycerol. The NEFA generated as a result of these enzymatic reactions can be used for metabolic fuel in tissues such as muscle but also serve as substrate for re-esterification to triglyceride in adipose tissue. The balance of these competing effects could determine whether increased LPL activity will lead to reduced rate of weight gain (through greater disposal of ingested fats as metabolic fuel) or increased adiposity through increased rates of adipose tissue storage of triglycer- Diabetologia (2000) Abstract Aims/hypothesis. Fat balance is critical in the aetiology of obesity and related diseases. Lipoprotein lipase is of major importance in lipid metabolism. The aim of this study was to investigate the long-term effects of the lipoprotein lipase activator, NO-1886, on substrate utilisation, adiposity and insulin action in rats fed a high-fat diet. Methods. Male, Sprague-Dawley rats were fed for 10 weeks on a chow diet or a high-fat diet with, or without, NO-1886 (50 mg × kg ±1 × day
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). Weight gain, fat accumulation and both hormone-sensitive and lipoprotein, lipase activities were measured. Insulin action was assessed by the euglycaemic hyperinsulinaemic clamp and metabolic rate/substrate utilisation by open-circuit respirometry. Results. Compared with chow-fed controls, a high-fat diet increased weight gain, an effect lessened by NO-1886 [weight gain (g): chow, 37 ± 3, high-fat, 222 ± 9; high-fat + NO-1886, 109 ± 6, all groups differed p < 0.001]. A similar pattern existed for fat accumulation [visceral fat (g): chow, 35.9 ± 3.2; high-fat, 81.9 ± 6.6; high-fat + NO-1886, 52.3 ± 4.7, p < 0.01 high-fat vs the other groups]. A high-fat diet induced wholebody insulin resistance (clamp glucose infusion rate: 4.8 ± 1.3 mg × kg ±1 × min ±1 vs 10.6 ± 1.1 for the chow group, p < 0.01) with NO-1886 lessening this effect (8.3 ± 0.5, p < 0.05 vs high-fat). The 24-h respiratory quotient was lower in the high-fat + NO-1886 group (0.825 ± 0.010) compared with high-fat alone (0.849 ± 0.004, p < 0.05). A high-fat diet increased lipoprotein and hormone-sensitive, lipase activities in epididymal fat, an effect not altered by NO-1886. In myocardium and skeletal muscle a high-fat diet lowered lipoprotein lipase activity, an effect lessened by NO-1886. Keywords Hormone sensitive lipase, obesity, respiratory quotient, skeletal muscle, visceral fat.
ide. Some reports have suggested that LPL activity in adipose tissue is high in obesity [3, 4] .
The compound NO-1886 has previously been reported to increase post-heparin plasma LPL activity and produced a reduction in plasma triglyceride concentrations with concomitant increase of high-density lipoprotein (HDL) cholesterol concentrations [5±7]. Recently, we have shown that rats fed with fructose and treated with NO-1886 for 1 month had a lower 24 h mean respiratory quotient (RQ) than control rats [8] . These results suggest that NO-1886 accelerates fat oxidation and suppresses fat accumulation if given for a long period.
The aim of this study was to ascertain the effects of 10 weeks of treatment with the LPL-promoting agent NO-1886 on substrate utilisation, development of obesity and insulin action in rats eating a high-fat diet.
Materials and methods
Materials. Agent NO-1886, 4-diethoxyphosphorylmethyl-N-(4-bromo-2-cyanophenyl) benzamide was synthesised in the New Drug Research Laboratory of Otsuka Pharmaceutical Factory, Naruto, Tokushima, Japan. Glycerol tri [1±14 C] oleate (2.2 GBq/mmol) was obtained from Amersham, Cardiff, United Kingdom. We obtained Taq DNA polymerase and random primer from Takara Shuzo, Kyoto, Japan, RNAase inhibitor from Pharmacia LKB Biotechnology, Uppsala, Sweden and reverse transcriptase from Gibco BRL (Life Technologies), Gaithersburg, Md., USA. All other chemicals used were high-grade commercially available products.
Animal experiments. All animal experiments were approved by the local animal ethics committee of Aichi Medical University and conformed with the ªPrinciples of laboratory animal careº (NIH publication no. 85±23, revised 1985) Male SD rats weighing 500±600 g at the age of 9 months were obtained from Japan SLC, Shizuoka, Japan. The animals were maintained under a 12-h light dark cycle at a constant temperature of 23 ± 2°C. Three groups of rats were fed for 10 weeks on either: (1) a standard laboratory chow (MF chow, Oriental Yeast, Tokyo, Japan; Chow group; 6 % of calories as fat and 65 % as carbohydrate); (2) a high-fat diet created by mixing safflower oil into the standard laboratory chow; high-fat group; 60 % of calories as fat) or; (3) the high-fat diet with NO-1886 (NO-1886 group). The dosage of NO-1886 was 50 mg × kg ±1 × day ±1 . The animals were given free access to food and tap water. Food consumption was measured after weeks 4 and 5 on the diets and body weight was recorded weekly. The respiratory quotient of rats was measured after 10 weeks of feeding. At the end of the experimental period, the animals were killed by exsanguination under sodium pentobarbital anaesthesia. Nonfasting blood samples were collected from the posterior vena cava for lipid, glucose and insulin measurements. Plasma triglyceride and NEFA were assayed using standard kits (Wako, Osaka, Japan), glucose on a YSI 2300 glucose analyser (Yellow Springs, Ind., USA) and insulin by conventional enzyme immunoassay, with the use of the Glazyme insulin-EIA test (Wako). The visceral fat and subcutaneous fat were removed and weighed. Myocardium, soleus hindlimb muscle and epididymal adipose tissues were obtained with tongs and maintained in liquid nitrogen for measurement of hormone-sensitive lipase (HSL) and LPL activity.
Metabolic rate and respiratory quotient (RQ). The metabolic rate and RQ of rats was measured at the end of the 10-week feeding period. Individual rats were placed in a glass metabolic chamber with sufficient food and water for 24 h. Air was drawn through the chamber at a rate of 1.5 l/min. Outflow air composition was measured using an automated open-circuit respirometer (Deltatrac II, Datex, Helsinki, Finland).
Euglycaemic hyperinsulinaemic clamp studies. Insulin action was assessed in a subset of rats of each of the three groups at the end of the 10 week feeding period. Euglycaemic glucose clamps studies were done after a 12-h overnight fast. Clamps were done under anaesthetic in rats with body temperature maintained at 37°C. For insertion of jugular and carotid cannulae rats were anesthetised with sodium pentobarbital (50 mg/kg body weight). Extension tubings were attached to the jugular vein by an adapter so that glucose and insulin could be infused simultaneously into the jugular vein. The carotid catheter was used for blood sampling. After a 30-min basal period, a continuous infusion of human regular insulin (Novolin R, Novo Nordisk, Copenhagen, Denmark) at a rate of 60 pmol´kg ±1´m in ±1 was given throughout the study. Blood samples were drawn at 10-min intervals for immediate measurement of plasma glucose (YSI 2300 glucose analyser) and plasma concentration was kept constant at approximately 4.5 mmol/l by a variable infusion of 10 % dextrose solution. Steady state was achieved within 60 to 100 min in all rats and the steady state glucose infusion rate (GIR, glucose mg´kg Tissue LPL activity. Myocardial and soleus heparin-triggered LPL activity was measured as reported previously [5, 9] . A specimen of muscle was homogenised in 50 mmol/l NH4Cl buffer (pH 8.5) and incubated with buffer containing heparin for 60 min at 0°C. The suspension was then centrifuged and the supernatant used to measure LPL activity. Adipose tissue heparin-triggered LPL activity was measured as described earlier [10] . Because the high-fat content and fragility of the adipose precluded making a tissue homogenate, a specimen of adipose tissue weighing 100 mg was minced into small pieces and placed in Krebs-Ringer bicarbonate buffer (pH 7.4) in the presence of heparin for 60 min at 37°C. The incubation medium was then assayed for LPL activity.
Hormone-sensitive lipase activity. Hormone-sensitive lipase activity of epididymal adipose tissue was measured by a modified Rizack method [11] . Adipose tissue weighing 1 g was homogenised in 4 ml of 1 mmol/l EDTA-0.25 mol/l sucrose solution by Polytron homogeniser (Polytron, Tokyo, Japan. The supernatant was used to measure HSL activity using glycerol tri [1±14 C] oleate as substrate ( 0.67 mol/l phosphate buffer to maintain the enzyme's phosphorylation state; pH6.8 without Apo-CII).
Northern analysis for HSL A DNA fragment corresponding to position 1464±1956 on rat HSL cDNA [12] was prepared by polymerase chain reaction and used as the probe for northern analysis. Total RNA was prepared from adipose tissue of rats by the acid guanidium-thiocyanate method [13] . From the total RNA 10 mg was transferred to a nylon membrane. The membrane was hybridised in Rapid hybridisation buffer (Amersham International) with probes at 65°C for 2 h.
Statistical analysis. Comparisons were by ANOVA followed by Newmann-Keuls post-hoc examination of intergroup differences. A p value of 0.05 or less was considered statistically significant.
Results
Effects of NO-1886 on body weight gain, food consumption and blood variables. The body weight of the group of rats fed a high-fat diet was significantly increased compared with the chow group by the 2nd week of feeding and remained so for the duration (Fig. 1) . Addition of NO-1886 to the high-fat diet reduced the weight gain such that the NO-1886 group had a statistically significantly lower body weight from week 6 to the end of the experiment. The body weight of the NO-1886 group was, however, significantly higher than that of the chow group. Food intake was about 15 % higher in the high-fat groups than the Chow group. No overall difference in food intake could be detected between the high-fat and highfat + NO-1886 groups (mean of weeks 4, 5 and 6: highfat: 100.9 ± 7.2; high-fat + NO-1886: 97.8 ± 6.0 vs 85.3 ± 5.4 kcal/day in the chow group). A high-fat diet significantly increased triglyceride, NEFA, glucose and insulin concentrations. Treatment with NO-1886 lowered blood lipid concentrations to below those in the chow group, restored insulin concentrations to normal but did not significantly lower glucose (Table 1) .
Effects of NO-1886 on visceral fat and subcutaneous fat weight. The high-fat group had a 2.3-fold increased visceral and subcutaneous fat weight compared with the chow group (Fig. 2) . Treatment with NO-1886 significantly suppressed the increase in accumulation of visceral fat and subcutaneous fat.
Effects of NO-1886 on metabolic rate and RQ. Addition of NO-1886 to the high-fat diet resulted in an RQ significantly lower than that observed for the high-fat group alone (Fig. 3) . Energy expenditure was 113.4 ± 1.6 kcal´24 h ±1´k g body weight ±1 in the ) for 10 weeks on body weight gain. Body weight was significantly different between all three groups by 6 weeks of feeding/drug treatment and remained so for the duration of treatment. ±R±, high fat; ---R ---, highfat + NO-1886; ±X±, chow Table 1 . Non-fasting plasma lipids, glucose and insulin concentrations in control, high-fat-diet and NO-1886 treated high-fat-diet rats Effects of NO-1886 on insulin action Fasting insulin and glucose concentrations did not differ between groups and there were no differences during the plateau phase of the euglycaemic hyperinsulinaemic clamp (data not shown). A high-fat diet led to a significant insulin resistance which was reduced by the addition of NO-1886 (Fig. 4) .
Effects of NO-1886 on tissue LPL activity. Skeletal muscle LPL activity was reduced by a high-fat diet, with a trend to reduction (p < 0.10) by NO-1886 (Fig. 5) . Myocardium LPL activity was not altered by a high-fat diet but NO-1886 statistically significantly increased myocardium LPL activity. Epididymal adipose tissue LPL activity of rats eating a high-fat diet increased 4.1-fold compared with the chow group. Treatment with NO-1886 had no effect on this adipose tissue increase of LPL activity caused by a high-fat diet when expressed per g of tissue (Fig. 5) . Given the reduced visceral adipose tissue mass and assuming that the LPL results in epididymal adipose can be generalised to the rest of the visceral fat, LPL activity overall in visceral adipose tissue is, however significantly reduced by NO-1886 (Fig. 5) .
Effects of NO-1886 on the expression HSL and HSL activity. High-fat diet did not alter the HSL mRNA: cyclophillin mRNA ratio in epididymal adipose tissues ( Table 2 ). The activity of HSL was, however, increased by a high-fat diet. The further 24 % increase of HSL activity with high-fat + NO-1886 did not reach statistical significance.
Discussion
As has been persuasively argued, long-term imbalance between intake and expenditure of fat is a central factor in the aetiology of obesity [2] . Hence the distribution of lipid between adipose tissue (largely storage) and muscle (largely oxidation) is critical. A role for tissue-specific regulation of LPL in treatment of obesity was postulated some time ago [14] . Rats that are fed a high-fat diet are a useful model of the metabolic syndrome being among other things, insulin resistant and obese. In this study we have shown that NO-1886 in a high-fat diet tends to increase muscle LPL, reduce body weight and fat accumulation and improve insulin action, all consistent with the increase in fat oxidation (lowered RQ) observed. These results are consistent with the recent observation that diet-induced obesity in mice can be prevented by creating transgenics overexpressing a skeletal muscle-specific human LPL gene [15] . Taken together these results suggest that tissue-specific LPL activators have potential in therapy for obesity and related disorders. A high percentage of fat in the diet is considered an important factor in the development of obesity, leading to insulin resistance and accumulation of body fat even in the absence of increased caloric intake [16] . Our results show that a high-fat diet differentially affects LPL activity in muscle and adipose tissue, reducing the former and greatly increasing the latter. This pattern is consistent with the shift towards fat storage. An increase in muscle LPL activity with NO-1886 treatment would lead to greater availability of intramuscular fatty acid. Theoretically this could have led to either an increased storage of triglyceride in muscle or enhanced lipid utilisation. The storage of lipid in skeletal muscle has been shown to be related to insulin resistance in rats and humans [16±18] . In our study NO-1886 led, however, to an increase in fat oxidation (indexed by lowered RQ) and an improvement in insulin action consistent with the lipid available in muscle being oxidised rather than increasingly stored. This is important given the recent report that in obesity skeletal muscle metabolism favours fat esterification over oxidation [19] and is consistent with our previous report that NO-1886 statistically significantly decreased RQ and plasma triglyceride concentrations in fructose-fed rats [8] . This latter decrease is not accompanied in most tissues by increased tissue accumulation of triglyceride. On a per kg of body weight basis, a fat diet also reduced energy expenditure, an effect reduced by NO-1886. This result must, however, be treated with some caution as the measurement of energy expenditure was made at the end of the treatment period when there were likely to be substantial differences in body composition between the groups. Net adipocyte fat storage is a balance between lipogenesis and lipolysis. In transgenic mice ubiquitous overexpression of the human LPL has been shown not to result in an increase in fat deposition, the balance apparently being maintained as a result of increased hormone-sensitive lipase (HSL) [20] . In this study, HSL activity in adipose tissue was increased by a high-fat diet but mRNA was not altered. This suggests that a high-fat diet could have increased the activated form of HSL. The net effect in rats fed a high fat diet was still an increased fat accumulation with raised LPL activity which was not fully balanced by the increased HSL. Treatment with NO-1886 increased epididymal adipose tissue HSL by 24 % (p < 0.10 vs highfat). Although only a non-significant trend, it could ) for 10 weeks on soleus skeletal muscle (A), heart muscle (myocardium) (B) and epididymal white adipose tissue LPL activity (C). D shows visceral adipose tissue total heparin-releaseable LPL activity assuming that the LPL activity in epididymal fat is representative of the visceral fat in general.
* p < 0.05, ** p < 0.10, *** p < 0.001, **** p < 0.01 Data are expressed as means ± SEM. Significantly different from the other two groups a p < 0.01 have contributed, along with the effects in muscle, to the overall improvement in fat balance seen in that group. Note, the type of fat could also have a role as it has been reported that using saturated fats in a highfat diet resulted in the greatest obesity and polyunsaturated fats a significantly lower gain in weight [20] . Consistent with this observation, LPL activity in heart and skeletal muscle was increased in the polyunsaturated group compared with rats eating a more saturated-fat diet [21] . Equally, there is evidence that a more saturated-fat diet decreases adrenergic receptor binding [22] and a role for catecholamines in tissue-specific regulation of lipoprotein lipase has been shown in humans [23] . In our study we used safflower oil (mainly n-6 polyunsaturated fatty acids) which we have consistently been shown produces insulin resistance [16] . Our effects might, however, have been larger if a more saturated-fat diet had been used. An inverse relation between RQ and skeletal muscle LPL activity has also been shown in humans [24] and there is evidence that high RQ (low fat utilisation) is predictive of subsequent weight gain [25] . In addition, in women who have been obese, there is substantial impairment in the ability to increase fat oxidation in the face of increased dietary fat load [26] . Taken together with the current findings, these results focus on muscle LPL activity and on the possibility of increased fat utilisation as a therapeutic approach to the problem of obesity.
The lipoprotein lipase-promoting agent NO-1886 increased muscle LPL activity without affecting (or perhaps even reducing on a total tissue basis) adipose tissue LPL activity and lowered the RQ in rats fed a high-fat diet. These combined effects might have led to the suppression in the accumulation of visceral and subcutaneous fat and reduction in the insulin resistance induced by a high-fat diet. The authors acknowledge that increased LPL activity might only be one of the actions of NO-1886 and we have not directly shown that it is this action that results in the beneficial effects on adiposity and insulin action. This class of compound could, however, have potential benefit for treatment of obesity and related disorders.
